WG, Newcomer SC. Gene expression differences in healthy brachial and femoral arteries of Rapacz familial hypercholesterolemic swine.
PERIPHERAL ARTERIAL DISEASE (PAD) is characterized as the formation of atherosclerosis outside the coronary and cerebral circulation and currently affects eight million Americans (33) . Several well-known risk factors such as hypertension, hyperlipidemia, and smoking have been associated with PAD (18) . Although these risk factors are systemic in nature, PAD is heterogeneously distributed throughout the peripheral circulation (8, 20, 34, 38) . For example, the upper limb arteries are known to be protected against advanced lesion formation, whereas the lower limb arteries have been reported to be highly disease susceptible (8, 20, 34, 38) . The underlying mechanisms for this phenomenon are currently unclear. Hemodynamic forces, produced by blood pressure and shear stress, have been suggested to contribute to the heterogeneous distribution of PAD in humans (10, 11, 39, 43) . Nonetheless, in swine a human-like disease distribution was observed despite similar hemodynamic environments in the fore-and hindlimb arteries (29, 41) . These data suggest that the mechanisms underlying the heterogeneous distribution of PAD between limbs are not fully explained by hemodynamic differences between peripheral arteries.
It has recently been proposed that vascular bed-specific phenotypes could arise from disparities between arteries in vasculogenesis and angiogenesis during embryonic development and fetal growth (3) . In addition, gene expression differences of coronary arteries of induced hypercholesterolemic swine have an increased expression of inflammatory genes and genes associated with plaque stability compared with the thoracic aorta and carotid arteries from the same animal (28) . Furthermore, 51 genes were reported to be differently expressed between porcine coronary and iliac artery endothelial cells of juvenile female swine (45) . Unfortunately, the current understanding of porcine artery development is very limited. Hence, the reported differences could be a result of either inherent gene expression differences or environmental factors influencing gene expression like age, diet, disease state, and hemodynamic forces.
The Rapacz familial hypercholesterolemic (FHC) swine are a representative model for human PAD since human-like atherosclerotic lesions have been reported in these pigs (32) . The underlying genetic causes of atherosclerosis in Rapacz FHC swine are allelic variants of apolipoprotein B and the LDL receptor that are similar to observations in humans (15, 32) . Furthermore, the Rapacz FHC swine rapidly develops atherosclerosic lesions in the femoral but rarely in the brachial artery presenting an outstanding model for investigating artery specific genetic effects in the absence of different hemodynamic forces (41) . We used gene expression profiling by microarray analysis to test the hypothesis that differences in gene expression may contribute to the heterogeneous distribution of PAD progression later in life and suggest cellular mechanisms for either susceptibility or protection from the onset of PAD.
METHODS
Artery collection and storage. The straight segments of brachial and femoral arteries of five 13-day-old Rapacz FHC swine were harvested and flushed with Krebs dissection solution at the University of Wisconsin, Madison, WI (32) . The left brachial and femoral arteries were removed, cut longitudinally, and immediately placed in RNAlater (Ambion, Austin, TX) at a 1:5 solution-tissue ratio as suggested by the manufacturer. The right brachial and femoral arteries were placed in 10 ml of 10% formalin solution for histology.
RNA preparation. Total RNA was isolated directly using the Macherey-Nagel NucleoSpin RNAII standard kit according to the manufacturer's protocols (Macherery Nagel, Dueren, Germany). All purified RNA samples were stored in RNA Storage Solution and frozen at Ϫ80°C immediately after extraction. RNA concentration and quality were tested by spectophotometry and electrophoresis on an Agilent 2100 Bioanalyzer. One brachial sample did not reach the minimum amount of total purified RNA suggested by Affymetrix (1 g) for microarray analysis. Consequently, this animal was excluded from further analysis.
Microarray. Each RNA sample was hybridized to an Affymetrix Porcine Genome Expression Array. One microgram of total RNA was converted to biotinylated cRNA using the manufacturer's reagents and protocols (Affymetrix, Santa Clara, CA). GeneChip poly-A control factors were included in the cRNA synthesis and 20 g of cRNA were fragmented and hybridized to a microarray. Eukaryotic hybridization controls and herring sperm DNA were added to the hybridization mix and incubated for 16 h at 45°C. Chips were then stained using streptavidin phycoerythrin. The arrays were scanned using the GeneChip Scanner 3000 and GeneChip Operating Software (GCOS, Affymetrix). All raw microarray data were deposited in Gene Expression Omnibus [National Center for Biotechnology Information (NCBI), Bethesda, MD] in accordance with MIAME compliance (GSE21043).
Microarray data analysis. The Affymetrix DataExchangeConsole (Affymetrix) was used to decipher the signal intensity files into cel-files. The Bionconductor robust multichip average (RMA) function, which does background correction, normalization, and summarization of the probe level data, was used for analysis on all probe sets (17) . The RMA signal intensities were adjusted using Bayesian correction to improve signal quality. A paired t-test was performed on the microarray data using Bioconductor, which is designed to analyze Affymetrix Genechip data expression values using limma (13, 14, 37) . The signal comparison was done between the relative gene expression abundance of the brachial and the femoral arteries within each animal. Significance for the microarray experiment was determined by a false discovery rate (FDR) Ͻ 0.05 according to Benjamini and Hochberg (4) .
Probe sets with significant differential expression were first annotated for gene identification using the Affymetrix NetAffx Analysis Center. Probe sets without annotation in NetAffx were subsequently annotated using ANEXdb: Animal Expression Database (7) with a cut-off value for basic local alignment search tool (BLAST) of 1e Ϫ5 . Gene ontology (GO) analysis was conducted using Database for Annotation, Visualization, Integrated Discovery (DAVID) (16) . Due to the low rate of GO annotation of the porcine Affymetrix probe sets, the representative human orthologous genes of the differentially expressed transcripts were determined by NCBI BLASTn. The human orthologs were submitted as gene identifiers for functional annotation clustering in DAVID and determined a cluster enrichment score. The correspondence between probe set ID, pig gene annotation, and the human orthologous gene are given in Suppl. Quantitative RT-PCR. Primers for seven probe sets were designed for quantitative PCR (qPCR) from the most representative public ID sequence specified by Affymetrix annotation using Primer 3 (35) . Primer sequences and quantitative PCR conditions are given in Suppl. Table S2 . cDNA was synthesized from DNase-treated total RNA using random hexamer primers, MMLV reverse transcriptase (Invitrogen, Carlsbad, CA). Primer pairs for qPCR analysis were tested on four brachial and four femoral artery cDNAs using iQ SYBR Green Supermix reagents on an iCycler Real-Time PCR Detection System (Bio-Rad, Hercules, CA). Primer specificity and capture temperature were determined by melt curve analysis. PCR products were cloned into pCR-4TOPO vector and transformed into TOP10 Escherichia coli (Invitrogen). Plasmids were sequenced to confirm the identity of each amplicon. Plasmids with sequence-verified inserts were quantified by fluorometry (Picogreen dsDNA Quantitation Kit, Invitrogen) for use as quantification standards. Quantitative PCR assays were carried out in 15 l reaction volumes of iQ SYBR Green Supermix with diluted first-strand cDNA equivalent to 30 ng of input RNA. All cDNA samples were assayed in duplicate. Quantification standards comprised four 100-fold dilutions of EcoRI-digested plasmid DNA (10 7 -10 1 molecules) and were assayed in triplicate. Standards were used to calculate a linear regression model for threshold cycle relative to log of transcript abundance in each sample. Averaged log values for transcript abundance from sample duplicates were subjected to a paired t-test with a significant P value of ␣ ϭ 0.05 in Bioconductor.
Histology. The right brachial and femoral arteries were removed from the normal buffered 10% formalin solution after at least 24 h fixation, and a 2 mm section of the proximal end of each artery was cut off and placed in ethyl alcohol 200 proof for 24 h before being processed through paraffin embedment and sectioned at 5 m. The remainders of the arteries were placed back into the 10% formalin solution. The sectioned samples were stained with Verhoeff-van Gieson (VVG) for elastin and hematoxylin-eosin (H/E). All stains were performed at the Purdue University Histopathology Service Laboratory according to standard protocol. The stained brachial and femoral artery sections were used to assess atherosclerotic lesion formation by a certified pathologist using the Stary stage classification system (38) . Sudan IV, which stains for lipids in the endothelial and subendothelial layer of the arteries, was also performed to determine the prevalence of atherosclerosis in the brachial and femoral arteries. Briefly, the vessels were cleaned, cut longitudinal, pinned out, and washed in Sudan IV solution for 15 min followed by 5 min of decolorization with 70% ethanol and flushed with distilled water for 1 h. The vessels were pinned out individually for image acquisition. A stereomicroscope (PZMIII; World Precision Instruments, Sarasota, FL) was used to acquire magnified photos for visual inspection.
RESULTS
Histology. Sudan VI staining showed no lipid depositions in the endothelial or subendothelial layers of the brachial or femoral arteries. VVG and H/E revealed no atherosclerotic lesions (Stary stage 0) for all artery segments (Fig. 1 ). Therefore, the brachial and femoral arteries of the 13-day-old Rapacz FHC swine in this study were free of atherosclerotic disease.
Microarray. An average of 15,552 probe sets with a range from 14,791 to 15,790 had sufficient signal to be considered detectable or "present" on the microarrays. A total of 430 probe sets had significant differential expression (FDR Ͻ 0.05) between brachial and femoral arteries (Suppl . Table S1 ). To show the overall microarray data the Volcano plot compares the log2 FC with the Ϫlog10 (FDR adjusted P value) (Fig. 2) . The brachial artery showed significantly higher relative gene expression for 224 probe sets while 206 were lower. A more detailed view of gene expression for 63 probe sets with a FDR Ͻ 0.05 as well as a 1.5-fold difference between arteries are shown on a heat map ( Fig. 3 and Table 1 ). The dendogram on top with individual samples in columns clearly separates the brachial from the femoral arteries. The dendogram on the left side groups the transcripts by hierarchical clustering. A total of six separate clusters were identified that have similar gene expression patterns that imply co-regulation and possibly partition in common biochemical or physiological pathways. Three clusters have a higher relative gene expression in the brachial, while the remaining three are higher in the femoral artery.
GO analysis of the 430 Affymetrix probe set IDs with a significant difference in transcript abundance was not effective since only 26.7% of the probe set IDs were annotated (September 26th, 2010). Therefore, the human orthologous gene determinations were used for the functional analysis. Suppl. Table S1 links the gene names to Affymetrix probe set IDs. After removal of duplicates, 190 human genes were used for GO. Functional clustering identified a total of 93 clusters (Suppl . Table S3 ). Several GO cell components were identified. Specifically, extracellular matrix and proteinaceous extracellular matrix included 12 and 13 genes, respectively (Table 2) . Biological adhesion was the most abundant GO biological process with a total of 23 genes. However, cell morphogenesis involved in differentiation, cellular response to stress, and striated muscle development, with 9, 7, and 3 genes respectively, were also identified. Calcium ion binding was the most abundant GO molecular function and included 21 genes. Interestingly, the focal adhesion pathway (5 genes) as well as Wnt-signaling (3 genes) were significantly enriched biological processes.
A total of 63 probe sets had a significant FDR Ͻ 0.05 and a 1.5 or greater difference in transcript abundance between arteries. Specifically, 39 probe set IDs showed a higher transcript abundance in the brachial and the remaining 24 in the femoral artery. Connexin 43 (GJA1), growth regulation by estrogen in breast cancer 1 (GREB1), brain derived neurotrophic factor (BDNF), ribosomal protein, large, P1 (RPLP1), potassium-voltage gated channel 1(KCNE1), calsarcin 1 (MYOZ2), anoctamin 1 (ANO1), cAMP response element binding protein 5 (CREB5), and versican (VCAN) are grouped in cluster A of the heat map, which has a higher relative gene transcript abundance in the brachial artery. BDNF and GJA1 are involved in cell-cell signaling and negative cell proliferation, while BDNF is also related to growth factor activity. KCNE1 and MYOZ2 are involved in ion signaling. ANO1, KCNE1, CREB5, and VCAN have been associated with metal ion and cation binding. Cluster B shows an upregulation of gene expression in the femoral artery. Specifically, sphingosine-1-sphosphate receptor 3 (S1PR3), eukaryotic translation elongation factor 1 alpha 2 (EEF1A2), and glial cell-derived neurotrophic factor may play a role in atherosusceptibility. Transcription factors AP2A (TFAP2A) and T-box 5 (TBX5), as well as dickkopf homolog 1 (DKK1), are grouped in cluster C of the heat map, which is upregulated in the brachial artery. GO showed that the molecular function of TBX5 and TFAP2A are transcriptional activation and regulation activity. Furthermore, aldehyde dehydrogenase 1 family, member A2 (ALDH1A2), is located in cluster C and has previously been associated with high blood pressure, a major risk factor for atherosclerosis (1) . Peroxisome proliferatoractivated receptor-gamma coactivator 1-alpha (PPARGC1a) and FRAS1-related extracellular matrix 1 (FREM1) show increased levels of gene transcript abundance in the femoral artery and are located in cluster D of the heat map. PPARGC1a may prevent atherosclerosis by increasing fatty acid oxidation and ATP/ADP translocase activity (44) . Ribosomal protein S17 (RPS17) has higher gene expression in the brachial artery, is involved in the translation process, and included in cluster E of the heat map. Cluster F, which is upregulated in the femoral artery, contains EF-hand domain family, member D1 (EFHD1) and cartilage oligomeric matrix protein (COMP).
qPCR was carried out on seven genes and RPLP0 as a control. All of the genes showed the same direction of change in gene expression compared with the microarray results. All but one transcript (Ssc.10764.1.S1_at) and the control reached significantly different abundance in gene expression between arteries (␣ Ͻ 0.05). For that reason, we confirmed the results of the microarray data with a validation rate of 85.7% (Fig. 4) .
DISCUSSION
Global gene expression comparisons have previously been used to investigate artery-specific atherosclerotic disease progression but did not investigate differences in gene transcript abundance in healthy arteries (28, 45) . Our investigation demonstrates for the first time that differences in gene expression between atherosusceptible femoral and atheroprotected brachial arteries exist in young and healthy Rapacz FHC swine. The transcriptomes of the two arteries are very similar, since Continued only 430 of 15,552 transcripts detectable by the porcine Affymetrix chips displayed significantly different levels of abundance. Genes with the greatest difference in transcript abundance are associated with mechanosensing (BDNF, GJA1), cell structure (MYOZ2), translation (RPS17, RLPL1), and transcription (TXB5, TFAP2A). Furthermore, we show that in healthy arteries with minimal exposure to environmental influences ribosomal structural genes essential for the formation for the large 60S (RPLP1) and the small 40S (RPS17) ribosomal subunits are differently expressed. The large ribosomal subunit controls protein production and contains the peptidyl transferase site to form the peptide bonds, while the small ribosomal subunit programs protein synthesis, binds mRNA, and mediates the interactions between mRNA codons and transferRNA anticodons. However, even though the distinct functions during translation of these proteins have been described, the possible consequence of an overexpression of either the large or the small ribosomal subunits remain unclear. We hypothesized that the gene expression differences of the endothelial cell layer and vascular smooth muscle cells provide an explanation for the observed heterogeneity in the distribution of atherosclerotic disease in peripheral arteries (3, 25) . Even though an upregulation of genes related to development would be expected in young animals, we report that genes associated with morphogenesis and development show differential expression between limb arteries. Cluster C of the heat map includes genes with a relative upregulation in the brachial artery. Four of these genes, ALDH1A2, DKK1, TBX5, and TFAP2A, are associated with morphogenesis of an epithelium. Consequently, the physiological functions of the genes in cluster C may be located in the endothelial cell (EC) layer where the beginning phases of atherosclerotic disease occur (21) . GJA1 and KCNE are also upregulated in the brachial artery and have been associated with gap junction formation between ECs and epithelial cell development, respectively (6). These findings indicate differences in developmental stages of brachial and femoral arteries in young and healthy animals, which is supported by findings in mice. The development of murine hindlimb buds is preceded by the forelimb buds by 12 h (12, 27) . However, the lack of knowledge in porcine limb bud development in swine does not allow us to draw any specific conclusions.
In addition to the recognition of individual genes and transcripts, the identification of biological signaling pathways, which possibly predispose arteries to accelerated lesion formation, could help to identify new therapeutic targets to treat PAD. We report the involvement of focal adhesion signaling. Cell adhesion is increased during early stages of atherosclerotic disease. Specifically, GJA1 is known to be upregulated during the beginning phases of human atherosclerosis in coronary arteries (5) . Furthermore, Wnt/␤-catenin signaling is an important modulator of GJA1 expression (2) . This signaling pathway causes an inhibition 1 Bit score provides a measure of the quality of the alignment. 2 Fold-change. 3 False discovery rate. 4 Annotation from Affymetrix NetAffx. 5 Annotation from ANEXdb: Animal Expression Database (7). 6 Human ortholog from NCBI BLASTn. of ␤-catenin degradation followed by the translocation of this protein into the nucleus influencing gene expression (19) . Direct links between Wnt/␤-catenin signaling and atherosclerotic risk factors like hyperlipidemia, hypertension, and diabetes have been described previously (26) . An activated Wnt/␤-catenin signaling pathways has been shown to result in intimal thickening through increased vascular smooth muscle cell proliferation (40) . DKK1, upregulated in the brachial artery, is a potent inhibitor Wnt/␤-catenin (30) . Consequently, an inhibition of Wnt/␤-catenin signaling through DKK1 may protect the brachial artery from the effects of this signaling pathway and decrease atherosusceptibility in the forelimb arteries. Although a recent study reported that DKK1 is upregulated during advanced atherosclerotic disease, our findings indicate that the physiological effects of DKK1 in healthy arteries may lead to increased atheroprotection (42) . Therefore, our findings indicate that future studies need to investigate the Wnt/␤-catenin signaling pathway in healthy arteries to understand the possible predisposition of some arteries to atherosclerotic disease. The relative upregulation of S1PR3 in the femoral artery may indicate increased activity of lysophospholipid signaling. Lysophospholipid signaling, which is linked to preventing apoptosis and an increased release of calcium from the endoplasmic reticulum (ER), has recently been shown to promote atherosclerotic disease (36) . Therefore, S1PR3 may increase atherosusceptibility in the femoral artery. S1PR3 is located in cluster B of the heat map, which shows a relative upregulation of gene expression in the femoral artery and possibly includes some downstream effects of lysophospholipid signaling, since EEF1A2 and GDNF prevent apoptosis (22) . Furthermore, cluster E and F, which are also upregulated in the femoral artery, include EFHD1 and COMP, as well as FREM1, respectively. These genes are related to calcium signaling. Consequently, cluster E and F may be linked to the ER calcium release associated with lysophospholipid signaling. However, ANO1, KCNE1, CREB5, and VCAN show a relative upregulation in the brachial artery and are involved in metal ion and cation binding. Previous findings indicate that Ca-signaling in ECs leads to the activation of endothelial nitric oxide synthase resulting in increased atheroprotective nitric oxide synthesis (24) . Contrary, Ca-signaling has also been associated with cell proliferation as well as the secretion of growth factors and adhesion molecules which would increase atherosusceptibility (9, 23) . Our results add to the speculative nature of Ca-signaling in atherosclerotic disease. Specifically, the identification of biological adhesion and cellular response to stress may be linked to the beginning phases of atherosclerotic disease where leucocytes adhere to the EC layer (31) . However, determining how lysophospholipid and calcium signaling influence atherosusceptibility in healthy arteries remains unclear and deserves future investigation.
A limitation of the current study is that we did not measure hemodynamic stimuli in the brachial and femoral artery during fetal development or after birth in this set of Rapacz FHC swine. However, we have previously reported similar hemodynamic environments in the Yucatan miniature swine in the investigated arteries (29) . We assume that this holds true for larger swine models as well. The anatomies of porcine peripheral arteries most likely only vary in size, while the local artery geometry of arteries within a species can be expected to have a high similarity. Nonetheless, this assumption needs verification by future research. We also caution the reader that the DAVID analysis is biased toward previously identified pathways. Lastly, we assume that changes in transcript abundance would result in differences in protein expression but acknowledge that this will not hold true for all transcripts.
In summary, the current investigation shows that gene expression differences between healthy atheroprotected brachial and atherosusceptible femoral arteries exist prior to the onset of atherosclerotic disease and minimal exposure to environmental risk factors. Whether the observed differences in abundance of gene transcripts are a result of artery specific development during embryogenesis and fetal growth is unclear. The role of focal adhesion during the early stages of atherosclerosic disease has been well established. Studies investigating Ca-signaling have been equivocal. Therefore, our results indicate that future studies need to investigate the role of Wnt/␤-catenin and lysophospholipid signaling in healthy vascular tissues to determine the atherogenic effect of both pathways. In addition, these two pathways may increase our understanding of how brachial arteries are protected from advanced atherosclerotic disease.
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